A new small array of Cherenkov detectors has been deployed in Tehran, 1200 m above sea level. This array contains four tanks of distilled water with a diameter of 64 cm and a height of 130 cm. The effective area of each tank is about 1382 cm 2 . They are used to detect air showers and to record the arrival time of the secondary particles. We have collected about 640 000 extensive air showers (EAS) in 8298 h of observation time from November 2006 to October 2007. The distribution of air showers in zenith and azimuth angles has been studied and a cos n θ distribution with n = 6.02 ± 0.01 was obtained for the zenith angle distribution. An asymmetry has been observed in the azimuthal distribution of EAS of cosmic rays due to geomagnetic field. The first and second amplitudes of the asymmetry are A I = 0.183 ± 0.001 and A II = 0.038 ± 0.001. Since the recent results are in good agreement with our previous results of scintillation detectors, and tanks of distilled water are cheaper, we prefer to use them instead of scintillators in a future larger array. By simulation, we have improved the size of the detectors to yield the highest efficiency. The best dimensions for each tank with a photomultiplier tube in the center of its lid are 40 cm in diameter and 60 cm in height.
Introduction
Extensive air showers (EASs) are initiated by very high energy (E > 10 13 eV) radiation in the form of cosmic rays or gamma rays entering into the earth's atmosphere. They are recorded by the detection of a fraction of the charged secondary particles reaching the ground level. Recently, observational studies have focused on two aspects of ultra-high energy (UHE) cosmic ray astronomy, namely, on sources of gamma rays [1, 2] and on the nuclear composition of UHE cosmic rays [3] [4] [5] . Meanwhile, EAS experiments have played an important role in the study of the UHE cosmic gamma rays astronomy, especially in trying to observe TeV gamma ray emission from EGRET point sources [6] or in studying the origin and propagation of cosmic ray primaries [7, 8] . To achieve these goals, the accuracy of the directions and enough time in recording the EAS events are both essential. The most common detector used is a plastic scintillator which is normally viewed by a photomultiplier tube (PMT) through different types of light enclosures. The detectors are arranged in arrays of various geometries and sizes [9] [10] [11] . In the present investigation, we have explored the possibility of using a much less expensive water Cherenkov detector. Large water Cherenkov detectors viewed by three PMTs are used in the Pierre Auger observatory [12] . Instead of applying scintillation detectors, we have used small tanks, each viewed by a single PMT together with its light enclosure. As a first step, we used cylindrical tanks with a diameter of 64 cm and a height of 130 cm, with a PMT in the center of their lids. In section 2, these detectors' tests and experimental arrangements are described. In section 3, some of the experimental measurements and results obtained by this array are presented. Section 4 mentions some simulations on the size and shape of the detectors. Finally, we suggest the best size of detectors for deployment in our future array.
Description of the experiments
The water Cherenkov detectors (WCDs) used in the array consist of four cylindrical tanks with a diameter of 64 cm and a height of 130 cm filled up to 120 cm with distilled water with a conductivity of 3.309 μS cm −1 . All the inner surfaces of the tanks were optically sealed and coated with white diffuse paint. Each has a single 5.2 cm PMT (model EMI 9813KB) located at the top of the water level along the cylinder axis. The effective surface area of a WCD is calculated as follows:
δ 1 and δ 2 are, separately, the integrated detection probabilities of particles entering through the lid and the wall, which we will describe how to calculate via simulation. To test the detectors' response to the passage of secondary cosmic rays and to measure its detection efficiency and timing correction, a plastic scintillator (15 cm × 15 cm × 3 cm) with a PMT (EMI 9813KB) connected to its side via a regular plastic light guide was directly placed upon the WCD. We made coincidences of the scintillator and each of the water Cherenkov detectors separately. It should be emphasized that all of electronic settings (gate, threshold, TAC range, etc) and time durations used for each of the four WCDs were exactly the same, so any differences in count rate or in time distribution are due to fine differences in the structure of the detectors. We corrected the recorded time of each detector as a systematic error in the raw data. Figure 1 shows the events recorded by the WCDs. Since the count rate of the third WCD is more than the others, we choose this detector as the gate of our array. The four WCDs are arranged in a square with 6.08 m side on the roof of the physics building of Sharif University of Technology, Tehran, Iran (35
• 20 E, 1200 m above sea level (asl) = 890 g cm −2 ). The signals from the four PMTs were guided to the data acquisition room via cables.
To compare an array of scintillators and of WCDs, we arranged two arrays, the former consisting of three scintillation detectors and the latter consisting of three WCDs. The shape and size of these two arrays are similar and each event is recorded in coincidence. From time lags between every two detectors in each array, we can calculate the local coordinates versus zenith and azimuth angles of each shower. 4800 showers were recorded during 64 h and the difference between zenith and azimuth angles of each shower were calculated from the two sub-arrays. We find that the obtained direction of most of these showers were equal for the two sub-arrays, so we did not find any systematic error in measuring the direction of EASs with the array of Cherenkov detectors with respect to scintillation detectors. The half-width-half-maxima (HWHM) of these two distributions are θ = 14
• for the zenith angle and ϕ = 29
• for the azimuth angle. It can be reported as the error of an array of three Cherenkov detectors, but we used a square array of WCDs with an error less than the above value. The error of this array has been calculated from the error in the arrival time by using the method described in [13] . Due to this method, the angular resolution is 7
• .
Data analysis of the square array of water Cherenkov detectors
We measured three time lags between WCD no 3 and WCDs nos 1, 2 and 4 and used the least square method [14, 15] to calculate the zenith angle. A flat structure of the shower is considered but for calculating the error in θ , the thickness of the shower front is taken into account. The zenith angle distribution of EAS events is shown in figure 2 . Since the thickness of the atmosphere increases with increasing zenith angle, the number of EAS events is strongly related to θ , as shown in figure 2 . The differential zenith angle distribution can be represented by
with splitting into particles entering through the lid of the tank and through its wall. The first term is related to the lid and the second to the wall, with the parameters δ 1 and δ 2 being the corresponding detection probabilities. By fitting equation (2) to the experimental data, n = 6.02 ± 0.01 is obtained. This value is different from a previous value published in [16] . The reason that the values δ 1 and δ 2 are different here is that we have considered more physical details for obtaining them. So the value is in good agreement with n scin = 6.2 ± 0.2 obtained from our previous scintillation detector array [13] . Figure 3 shows the azimuthal distribution of EAS events in three zenith angle bins. The distributions show a north-south asymmetry. It is greater at larger zenith angles, when the path of particles in the atmosphere is longer and the Zenith angle ( geomagnetic field plays a more effective role. This asymmetry has been seen for events above 5 × 10 16 eV with the Yakutsk array [17] , the GRAPES-3 array [18] and also in our previous work [15] . In order to demonstrate that this north-south asymmetry is not due to the geometry of our square array, we repeated the experiment with an array rotated by 45
• and the same result was obtained. The azimuth distributions were fitted to the function:
The obtained parameters are shown in table 1. Some showers simulated have been used to describe this asymmetry [19] . Regarding these experimental results and the simulation modeling, we attribute this asymmetry to the geomagnetic field in the array's region. An advantage of water Cherenkov detectors is the large ratio of depth to lateral size. For a detector with a negligible depth and the same effective area with our detectors, the ratio of cosmic rays with zenith angles greater than 45
• to all of them, is 0.12, while this ratio is 0.55 for detectors with the size of the used WCDs. Hence, the decrease of cosmic rays with the zenith angle, due to the detector's area, is much more slow. Figure 4 shows experimental declination distributions from our previous scintillator array and the new Cherenkov array which illustrate this effect. The FWHM of the corresponding distributions are ∼34
• and 42
• for the scintillator and the Cherenkov array, respectively, and the solid angle acceptance of the water Cherenkov array is about 1.5 times greater than the one of the scintillator array.
Simulation of the water Cherenkov detector
The proposed design for the ground array unit is a cylindrical tank filled with distilled water viewed from above by a small (5.2 cm diameter) PMT. The interior surface of the tank is coated with a white diffuse paint. Since the reflection index of water is n = 1.33, a particle must have a kinetic energy greater than 0.52 of its rest mass energy to radiate Cherenkov light (e.g. 0.26 MeV for electrons and 55 MeV for muons). The angle of emission is θ = 42
• for a fully relativistic particle in water. The number of Cherenkov photons, N, for a small element of particle track, x, is given by the Frank-Tamm equation [20] 
where α = 1 137
is the fine structure constant, and λ 1 and λ 2 are the lower and upper wavelength integration limits, respectively.
With quantum efficiency η = 25% and gain G = 10 8 for the PMT, the number of electrons produced in PMT was calculated as N e = N photon ηG, where N photon is the number of photons entering the PMT. As we know, the output signal at the PMT's anode is a current of charge pulses. Now, considering the amplitude threshold of the discriminator used in our experiment (−500 mV) and the anode load resistor and capacitance, we obtain that for producing a pulse with amplitude −500 mV, the number of photons received by PMT should be more than 1. So we put N photon > 1 as the detection condition of each simulation situation. In the detector simulation code, a full ray-tracing approach is employed. The above expressions are used to calculate the number of photons for each track and also the emission angle. Each Cherenkov photon is followed as it passes through the water and reflects from the tank's walls, until it is absorbed by water or it reaches the PMT. This method was used for each surface element of the lid(r dr dϕ lid ) and the wall of the tank(R dh dϕ) for many different sizes of tanks. The detection efficiency of each detector at lid and wall has been studied and compared.
We took a mean water absorption coefficient (α = 0.01 cm −1 ) [21] and a lining material reflectivity (κ = 0.98%). The validity of these approximations depends on the variation of their true values over the spectral range of interest (300-500 nm), in combination with the size and shape of the detector. Other objects are variations of the absorption length and reflective coefficient of the walls due to corrosion of the lining material. Conductivity and solubility coefficient of the distilled water are the only two parameters which we were able to check. But these parameters did not vary conspicuously during 1 year when the tank and its water were in use (the conductivity variation is about 1 μS cm −1 ). We conclude that a variation of the water absorption length does not play an important role in our experiment but the former effect due to the dependence of the two parameters on wavelength requires further work.
For each simulation situation, the number of photons reaching the PMT multiplied by the area of corresponding surface element is reported as the possibility of detection. Figure 5 shows the detection dependence of the lid on the distance from the center of the lid. From this part, we found that there is a cutoff in photon detection probability at r = 20 cm, and if we want to increase the upper surface area of the tank, employing another PMT will be necessary. Figure 6 shows the total detection probability of the detector in the zenith angle for particles penetrating the lid and the wall. As we can see for tanks with height less than 80 cm, the detection efficiency at smaller angles is more than that at greater angles. From the figure, it is seen that the height for getting the best efficiency will be H = 60 cm. We can deduce from the above results that the best size for a water Cherenkov detector with just one PMT placed in the center of top surface will be a cylindrical tank with a height of 60 cm and a diameter of 40 cm.
We repeated all processes mentioned before by changing the absorption and reflective coefficients to find out how the final results for optimizing the size of the detectors depend on these two parameters. We found out that the count rate decreases by increasing the absorption coefficient but the maximum count rate is at a height of about 60 cm for each absorption coefficient. Considering the reflection coefficient the best height does not change by changing it.
Finally we prepared a new tank with the new size obtained by simulation. The diameter of the tank is 40 cm and its height is 70 cm. The depth of water is changeable by using some special gadgets to move the PMT and keep it on the upper surface of water. The location of the PMT and the light protection are the same as those described for the former WCDs. We arranged the other sets of experiment by using a small scintillation detector and the new WCD. We put the small scintillator near the wall of the WCD as well as under the bottom surface of the WCD and change the location of the small scintillator in different heights of the wall and different distances from the center of the down surface of the WCD and recorded the rate of detection of charged particles in the WCD and the small scintillator coincidentally. Figure 7 shows the integrated rates on the wall and bottom surface for different water levels of the tank. This figure shows that the height to achieve the best efficiency is 60 cm for a tank with just one PMT at the center of the upper lid and the diameter of 40 cm. So the simulation prediction for the optimized height is confirmed with experiment.
Concluding remarks
We have described the design and operation of the first stage of a water Cherenkov detector array located at Sharif University of Technology in Tehran. Analysis of the data so far allows us to conclude that the WCD array shows good conformity with the scintillator detectors. We have measured the zenith and azimuth angles' distributions. For azimuth angle distribution, the results are consistent with our previous results [15] . The anisotropy observed in azimuth angle distribution is attributed to the geomagnetic field. The zenith angle distribution can be fitted by the function const(δ 1 cosθ + δ 2 sin θ) sin θ cos 6.02 θ . Since WCDs are cheaper than scintillators, we are going to choose them as a part of the detectors that will be installed at Alborz observatory. We did some simulation to find the optimum size for water Cherenkov detectors and confirmed our simulation results by experimental tests with a sample tank.
